Ti-Nb base alloys have been proposed as prospective candidates for Ni-free biomedical superelastic alloys due to their excellent mechanical properties with good biocompatibility, and many kinds of Ti-Nb base alloys exhibiting shape memory effect or superelasticity have been developed up to now. However, typical Ti-Nb base superelastic alloys show a small recovery strain which is less than one third of the recovery strain of practical Ti-Ni superelastic alloys. Over the last decade there have been extensive efforts to improve the properties of Ti-Nb base superelastic alloys through microstructure control and alloying. Low temperature annealing and aging are very effective to increase the critical stress for slip due to fine subgrain structure and precipitation hardening. The addition of interstitial alloying elements such as O and N raises the critical stress for slip and improves superelastic properties. In this paper, the roles of alloying elements on the martensitic transformation temperature, crystal structure, microstructure and deformation behavior in the Ti-Nb base alloys are reviewed and the alloy design strategy for biomedical superelastic alloys is proposed.
Introduction
Ti-Ni shape memory alloys have been used in a variety of industries because of their unique property of shape memory effect, which is an ability to remember their original shape and, after being deformed, recover the pre-deformed shape by heating. 1) Couplings, fasteners, auto shut off valves, sensors and actuators are representative applications utilizing the shape memory effect. 2, 3) Ti-Ni shape memory alloys also exhibit superelasticity, the unusual ability to undergo a large elastic deformation, 4, 5) which makes them ideal to be used for cellular phone antennae, eyeglasses frames, orthodontic arch wires, guide wires and self-expanding stents. 2, 3, 6) Ti-Ni shape memory alloys have also been considered as attractive materials for biomedical implants. 710) However, there have been long-standing concerns regarding the risk of Ni allergy and hypersensitivity for long term use because of high amount of Ni content in Ti-Ni shape memory alloys. 1114) In order to reduce the potential risk of Ni, several surface modification techniques, such as oxidation, plasma spraying and chemical vapor deposition, have been proposed. 1521) However, these methods do not guarantee absolute safety for long term use. The poor workability is another weakness of Ti-Ni shape memory alloys; only a shape of wire and tube is practically available.
¢-type Ti-base alloys, which exhibit the reversible thermoelastic martensitic transformation, have attracted much attention as candidates for biomedical shape memory alloys due to their attractive properties such as excellent biocompatibility, corrosion resistance and cold workability. The shape memory effect of Ti-base alloys was first reported in a Ti-35 mass%Nb alloy by Baker in 1971. 22) The shape memory effect was also observed in Ti-10V-2Fe-3Al (1982) 23) and Ti-Mo-Al alloys (1985) . 24) Since the early 2000s, there has been intensive research on the development of biomedical shape memory alloys consisting of only biocompatible or less toxic elements. 2533) Particularly, there has been tremendous progress in developing Ti-Nb base shape memory alloys in the past decade and many Ti-Nb base alloys have been developed, e.g. Ti-Nb-Sn, 26, 34) Ti-NbAl, 31, 32, 35) Ti-Nb-Ta, 36, 37) Ti-Nb-Zr, 3844) Ti-Nb-Mo, 45, 46) TiNb-Pd, 47) Ti-Nb-O, 48) Ti-Nb-N, 49, 50) Ti-Nb-Pt, 51) Ti-Nb-TaZr, 5254) Ti-Nb-Zr-Sn, 5557) Ti-Nb-Mo-Sn, 5860) Ti-Zr-NbSn, 61) Ti-Nb-Zr-Al 62) and Ti-Nb-Zr-Mo-Sn. 63) This paper aims to provide an overview of the recent works on Ti-Nb base shape memory alloys. Martensitic transformation characteristics and shape memory properties of Ti-Nb binary alloys are addressed in Section 2 and 3. The effect of substitutional alloying elements on superelastic properties of Ti-Nb base alloys is presented in Section 4. Section 5 is concerned with the effect of interstitial alloying elements on the microstructure and superelastic properties. The effect of omega phase on superelastic properties of Ti-Nb base alloys is discussed in Section 6. The effect of heat treatment condition on shape memory properties of Ti-Nb base alloys is briefly reviewed in Section 7. The alloy design strategy is proposed in Section 8. Finally, the conclusion gives a brief summary and includes future perspectives of Tibase biomedical shape memory alloys.
Martensitic Transformation Characteristics of ¢-Ti Alloys
Pure Ti has a hexagonal close packed crystal structure (¡ phase) at room temperature. Upon heating Ti undergoes an allotropic phase transformation at 1159 K from the ¡ phase to ¢ phase with a body centered cubic crystal structure. Alloying elements alter the ¢ transus temperature at which the alloy transforms completely to the ¢ phase: ¡-stabilizers such as Al, Ga, Ge, O and N raise the ¢ transus temperature while ¢-stabilizers such as Nb, Ta, Mo, V, Fe and Cr reduce the ¢ transus temperature. It is considered that Sn and Zr behave neutrally, because they change the ¢ transus temperature only slightly.
Ti alloys containing ¢-stabilizing alloying elements exhibit a martensitic transformation upon quenching from the ¢ phase to hexagonal martensite (¡A) or orthorhombic martensite (¡AA) depending on the content of alloying elements, e.g., Nb.
6469) The ¡A martensite is formed in relatively dilute alloys. The crystal structure of ¡A martensite is the same as that of ¡ phase. The martensite structure changes to orthorhombic when the ¢-stabilizer content increases above a critical amount. The critical solute content for ¡A/¡AA boundary depends on the solute elements. For example, the ¡A is formed with Mo content up to about 2 at% in Ti-Mo binary alloys, whereas the ¡A is formed with Nb content up to about 6 at% in Ti-Nb binary alloys. 70) The ¡A/¡AA boundary for Ti-Ta binary alloys is about 9 at% Ta. 70) The martensitic transformation start temperature M s deceases with increasing Nb content as shown in Fig. 1 : M s decreases by about 40 K with 1 at% increase of Nb content and M s becomes lower than room temperature when the Nb content increases more than 25.5 at%. 71, 72) It is noted that the critical content shows a scatter in literatures due to different quenching rate and impurity level. 71) The orthorhombic martensite (¡AA) will be considered in detail in this paper, because shape memory effect (SME) and superelasticity (SE) in Ti-base alloys are associated with the reversible transformation between the ¢ (bcc) phase and ¡AA (orthorhombic) phases. The martensitic transformation start temperature (M s ) decreases with increasing ¢-stabilizer content. It should be noted that a meta-stable omega (½) phase forms at low temperatures. Recently, crystallographic characteristics of ¡AA martensite, such as internal structure, self-accommodation morphologies and interfacial structure, in Ti-Nb base alloys, were systematically investigated.
7377) It was confirmed that the crystallography of the ¡AA martensite is well explained by the phenomenological theory of martensite crystallography (PTMC) 7880) and topological model.
81)
The shape memory effect and superelasticity are due to the reversible and thermoelastic phase transformation. Shape memory properties, such as temperature hysteresis, cyclic stability, transformation strain, are affected by the geometric compatibilities between parent and martensite phases, i.e. the lattice correspondence between martensite and parent phases and their lattice constants. Particularly, the transformation strain is directly governed by the lattice constants of martensite and parent phases. Thus, in order to develop shape memory alloys with a larger recovery strain, it is indispensable to investigate the composition dependence of lattice constants of both phases as well as transformation temperatures. Figure 2 shows a schematic illustration exhibiting the crystal structures of the ¢, ¡AA and ¡ phases and their lattice correspondences. 82) It has been confirmed that lattice constants of ¡AA phase change with ¢-stabilizer content and considered that the ¡AA orthorhombic martensite is an intermediate structure between the body centered cubic structure of ¢ phase and hexagonal structure of ¡-Ti. The lattice constants aA and cA in the orthorhombic cell (¡AA phase) correspond to the lattice constants a and c in the hexagonal cell (¡ phase), which also correspond to a 0 and ffiffi ffi 2 p a 0 in the body centered cubic cell where a 0 is the lattice constant of ¢ phase. The lattice constant bA in the orthorhombic cell corresponds to ffiffi ffi 3 p a in the hexagonal cell as well as ffiffi ffi 2 p a 0 in the body centered cubic cell as shown in Fig. 2 . Figure 3 shows the Nb content dependence of bA/aA and cA/aA ratios of ¡AA martensite in Ti-Nb binary alloys. 82) It is seen that both of bA/aA and cA/aA decrease from the values of ¡-Ti to the values of ¢ phase with increasing Nb content, implying that the ¡AA martensite is a comprise phase between ¡A and ¢ phases. 23) The values of b/a(= 1.732) and c/a(= 1.586) of ¡-Ti and those (= 1.414) of the ¢ phase are indicated by dashed lines. Similar composition dependence of ¡AA lattice constants has been reported in Ti-Ta alloys. 83) For the Ti-Nb binary alloys, the lower compositional limit of ¡AA-orthorhombic martensite phase is 6 at% Nb as mentioned above, while the upper compositional limit of ¡AA-orthorhombic martensite phase is estimated to be 32 at% Nb by a linear extrapolation. The lattice deformation strains, © 1 , © 2 and © 3 , needed to form the ¡AA phase from the ¢ phase along three principal axes also change with ¢-stabilizer content as shown in Fig. 4 . 71) The lattice deformation strains are given as:
where aA, bA and cA are the lattice constants of ¡AA martensite and a 0 is that of ¢ phase. As shown in Fig. 4 , two principal lattice strains (© 1 and © 2 ) of the martensitic transformation are approximately equal and opposite in sign, and their absolute values decrease with increasing Nb content. 71) Lattice strain © 3 is small compared with © 1 and © 2 , ranging from ¹0.24 to 0.30%. It is noted that © 3 becomes zero when Nb content is about 20 at%. A small amount of © 3 implies that lattice invariant shear (LIS) is not necessary for martensitic transformation. For Ti-Ta binary alloys, © 3 is zero when Ta content is 21 at%. 83) For Ti-xNb-3Al alloys, © 3 is zero at x = 23 at%. 73) It has been confirmed that non-twinned martensites are formed when © 3 is small in Ti-Nb, Ti-xNb3Al and Ti-Ta alloys.
Habit planes of non-twinned martensites are close to (hkk), where h > k, e.g. (544) ¢ in Ti-21 at% Ta, 83) (755) ¢ in Ti-(16-23)Nb-3Al (at%) 73) and (755) ¢ in Ti-20Nb. 74) It should be noted that martensites with internal twin of {111} type I is formed when ¢-stabilizer content is small. It was also found that the ¢/¡AA interfaces (habit planes) in Ti-Nb alloys exhibit a terraces/steps structure as shown in Fig. 5 , 74) where the terrace planes are parallel to ð2 11Þ ¢ =ð110Þ ¡ 00 . The terraces/ steps structure is considered as a typical relaxed structure of an irrational interface. No misfit dislocation was observed along the interface, indicating the terrace planes are coherent.
Shape Memory Effect and Superelasticity in Ti-Nb Binary Alloys
Shape memory effect and superelasticity have been confirmed in many Ti-Nb base alloys including Ti-Nb binary alloys. 22, 30, 71, 84) For the Ti-Nb binary system, Ti-(26-27) at% Nb alloys exhibit superelasticity at room temperature while shape memory effect is observed in Ti- (20) (21) (22) (23) (24) (25) at% Nb alloys as shown in Fig. 6 . The maximum recovery strain of 3% was obtained at about 5% tensile strain in solution treated Ti-(25-27) at% Nb alloys. 30) The small recovery strain in Ti-Nb alloys is due to the small transformation strain as well as the low critical stress for slip.
The strain induced by the martensitic transformation shows strong orientation dependence. The transformation strain produced by the lattice distortion due to the martensitic transformation in a single crystal can be calculated using the lattice constants of the parent ¢ phase (a 0 ) and the orthorhombic ¡AA martensite phase (aA, bA and cA). 82) The insert in Fig. 7 exhibits a ½001 À ½011 À ½ 111 standard stereographic triangle showing a schematic orientation dependence of the transformation strain expressed by contour lines. It is seen that the largest transformation strain is obtained along the [011] direction of the ¢ phase, which corresponds to the [010] direction of the ¡AA phase. The orientation dependence of the transformation strain was experimentally confirmed in Ti-22Nb-6Ta 36) and Ti-24Nb-3Al 32) alloys. It is seen that the transformation strains along the three direction decrease with increasing Nb content. It has been reported that a strong deformation texture of f100gh110i is developed in severely cold-rolled ¢-Ti alloys. On the other hand, a strong recrystallization texture of f112gh110i is developed by solution treatment, indicating that the maximum transformation strain can be obtained along the rolling direction for both deformation and recrystallization textures. It is noted that the transformation strain along the [011] direction, i.e. the largest transformation strain, of the Ti-27 at% Nb alloy which shows superelastic behavior at room temperature is only 2.5%. This value is much smaller than that for the B2-B19A transformation in Ti-Ni alloys. In order to increase the transformation strain, the Nb content should be reduced, but the decrease in Nb content raises the transformation temperature as shown in Fig. 1 and causes not to reveal superelasticity at room temperature. This intrinsic small transformation strain is one of drawbacks of Ti-Nb superelastic alloys.
Effect of Substitutional Alloying Elements
In order to improve superelastic properties, the addition of ternary elements has been considered. The quantitative information on the transformation temperature is essential to develop shape memory alloys. However, there have been limited researches to date on the effect alloying elements on the martensitic transformation temperature of ¢-Ti alloys. This is because of difficulties in measuring transformation temperatures by differential scanning calorimetry (DSC) measurements due to the small enthalpy of ¢-¡AA transformation and the formation of thermal and/or athermal ½ phase.
Additions of all alloying elements regardless of ¢-stabilizer or ¡-stabilizer decrease M s of Ti-Nb based alloys in literatures which have been published to date. M s decreases by about 30 K or 35 K with 1 at% increase of Ta or Zr content in the Ti22Nb alloy, respectively.
85) It is noted that Zr lowers M s although it has been considered as a neutral element for ¡/¢ transformation temperature. The addition of Sn, which is also considered as a neutral element, considerably decreases the transformation temperature: M s and A f (reverse transformation finish temperature) decrease by 150 K with increasing Sn content from 4 to 5 at% in Ti-16Nb-Sn alloys. 26) A similar decreasing effect of Sn on the martensitic transformation temperature was also observed in Ti-Nb-Zr-Sn quaternary alloy 55) although the effect in decreasing the transformation temperature was relatively small compared with Ti-Nb-Sn ternary alloys. Addition of noble alloying elements such as Pt, Au and Pd also decreases transformation temperature of Ti-Nb base alloys.
4751) For example, M s decreases by about 160 K with an increase of 1 at% Pt.
51) The addition of Mo also decreases the martensitic transformation temperatures. Yazan et al. 45) reported that Ti-27Nb, Ti-24Nb-1Mo, Ti21Nb-2Mo and Ti-18Nb-3Mo alloys exhibit stable superelasticity at RT, indicating that the addition of 1 at% Mo decreases M s by 120 K. The reduction of M s by Cu addition in Ti-Nb base alloys was reported to be 100 K/at%Cu. 86) Other 3-d transition metal elements such as Fe, Cr, Co and Ni were also reported to decrease the transformation temperature of Ti-Nb base alloys although no quantitative measurements were provided.
87) It is also noted that an addition of Al decreases M s with a slope of 40 K/at%Al even though Al is considered as an ¡-stabilizer. 31, 73) Other ¡-stabilizers such as Ga and Ge also decrease transformation temperature of Ti-Nb base alloys. Figure 8 shows cyclic stress-strain curves of Ti-27Nb, Ti-22Nb-7Ta, Ti-22Nb-6Zr, Ti-21Nb-2Mo and Ti-19Nb-2Pt alloys obtained at room temperature. 82) All the alloys have similar martensitic transformation temperature and exhibit superelasticity. The maximum recovery strain ¾ r , which is the sum of elastic strain ¾ e and superelastic transformation strain ¾ se , was observed 2.0% in the Ti-27Nb alloy. The Ti-22Nb- 6Zr, Ti-19Nb-2Pt and Ti-21Nb-2Mo alloys reveal good superelasticity with a larger recovery strain when compared with the Ti-27Nb alloy. The maximum recovery strains of 3.5%, 3.0% and 3.2% were obtained in the Ti-22Nb-6Zr, Ti19Nb-2Pt and Ti-21Nb-2Mo alloys, respectively. This is due to the fact that the addition of Zr, Pt or Mo as a substitute of Nb is effective to increase the transformation strain along the [011] direction with keeping M s similar. As mentioned above, not only transformation temperature but also transformation strain decreases with increasing the amount of alloying elements. For the Ti-Nb binary alloys, the transformation strain decreased by about 0.34% with 1 at% increase of Nb content, while the transformation strain decreases by 0.13% with 1 at% increase of Zr content. On the other hand, M s decreases by about 40 K or 35 K with 1 at% increase of Nb or Zr content in the Ti-22Nb alloy, respectively. This indicates that the addition of Zr as a substitute of Nb, with keeping M s similar, is effective to increase the transformation strain. The addition of Pt as a substitute of Nb is also effective to increase the transformation strain, because Pt is four times more effective in reducing M s of Ti-Nb alloys than Nb, while it is only three times more effective in decreasing transformation strain than Nb. On the other hand, the addition of Ta is not effective to increase the transformation strain because of its weak impact in decreasing M s .
88)
89) The addition of Mo was also found to increase the transformation strain and improve the superelastic properties through the systematic investigation of the effect of Mo and Nb concentration in Ti-Nb-Mo alloys. 45) However, the increase of Mo at the expense of Nb in the condition of revealing superelasticity at room temperature causes the formation of both thermal and athermal ½ phases. 46) 
Effect of Interstitial Alloying Elements
Interstitial alloying elements such as O and N significantly suppress the martensitic transformation of Ti-Nb alloys. For Ti-xNb-1O alloys, superelasticity is observed when x is 22 at%, 48) implying that the addition of 1 at% O to Ti-Nb alloys decreases M s by about 160200 K because the effect of 1 at% O in decreasing the martensitic transformation temperature is equivalent to that of 45 at%Nb. N shows a similar effect on the martensitic transformation temperature; the addition of 1 at% N to Ti-Nb 49) and Ti-Nb-4Zr-2Ta 90) alloys decreases M s by about 200 K. However, the martensitic transformation temperature decreases by 75 K with 1 at% increase of N content for the Ti-18Zr-13Nb alloy. 91) It is suggested that this weaker effect of N on the martensitic transformation temperature in the alloy with relatively a higher content of Zr is due to its larger lattice parameter. On the other hand, C and B exhibit little effect on the transformation temperature due to its limited solubility in ¢ Ti-Nb alloys. 92, 93) The addition of interstitial alloying elements is very effective in increasing the stress for plastic deformation. Figure 9 shows stress-strain curves of Ti-26Nb-O alloys obtained at room temperature. 94) It is clearly seen that not only the first yielding stress but also the secondary yielding stress increases with increasing oxygen content, where the first yielding corresponds to stress induced martensitic transformation and the second yielding is due to the plastic deformation. Similar effects were also reported in a Ti-24Nb-4Zr-8Sn alloy. 95) It is also interesting to note that the Ti26Nb-1O alloy shows non-linear elastic behavior with a large recovery strain. It has been proposed that the suppression of martensitic transformation and non-linear elastic behavior are due to the formation of nano-sized lattice modulation (nanodomain) induced by interstitial oxygen atoms. Diffuse streaks along ©110ª directions and the intensity maxima at fh þ 1 2 k þ 1 2 0g positions are seen between primary diffraction spots of the ¢ phase. It has been confirmed that the diffuse streaks are due to the f1 10gh110i type transverse displacement.
97) The nano-domains are clearly visible in the dark-field micrograph obtained from the intensity maxima ð 3 2 1 2 0Þ as shown in Fig. 10(b) . The nano-domain structure is caused by randomly distributed oxygen atoms. As shown in Fig. 11 , 94) strain fields are formed around oxygen atoms in octahedral sites: there are three types of octahedral sites which oxygen atoms can occupy in the ¢ phase. For example, an atom which occupies the site A induces a local strain field with a direction of [001] . The local strain filed can be relaxed by shuffling of atoms on adjacent ð0
11Þ planes in the [011] and ½0 1 1 directions, which is crystallographically same as the shuffling mode of the martensitic transformation from ¢ phase to ¡AA phase as shown in Fig. 2 . This implies that the oxygen atom facilitates the martensitic transformation locally. The stress fields induced by the oxygen atoms in other octahedral sites can be relaxed by the different shuffling modes. It has been confirmed that there are six variants of nano-domains, which are corresponding to six shuffling modes of the ¢ to ¡AA martensitic transformation.
97) The six nano-domain variants are introduced equivalently since the oxygen atoms distribute randomly and evenly when no stress is applied. Nano-domain variants act as local barriers against the growth of other nanodomain variants. As a result, it is concluded that the interstitial alloying elements suppress a long range martensitic transformation due to the presence of multiple nanodomain variants although they enhance the martensitic transformation locally. It has been reported that several unique properties, such as a larger elastic strain, invar-like behavior, non-linear elastic behavior and abnormal temperature dependence of shape memory behavior, observed in ¢-Ti alloys containing a larger amount of interstitial alloying elements, are successfully explained by the presence of a nano-domain structure. 97100) Figure 12 shows the change in X-ray diffraction (XRD) profiles with strain during tensile deformation for the Ti26Nb and Ti-26Nb-O alloys. 98) In the XRD profiles of the Ti-26Nb alloy, a reflection peak from martensite phase appeared at ¾ = 0.3% where apparent yielding occurred, and the peak increased with increasing applied strain, indicating that the stress induced martensitic transformation occurs upon loading. On the other hand, the XRD profiles of the Ti-26Nb-O alloy reveal no distinct peaks from martensite phase upon loading until ¾ = 2.5%, whereas a reflection peak from the ¢ phase shifted continuously to a higher 2ª angle and became broader with increasing tensile strain, suggesting that second-order-like transformation occurred. This can also be explained by the nano-domain structure: the stress induced martensitic transformation was suppressed by the local barriers of the randomly distributed nanodomain variants.
The addition of interstitial alloying elements is effective for improving cyclic stability of superelastic properties. Figure 13 shows the comparison of stability of superelastic properties of Ti-26Nb and Ti-23Nb-1N alloys during cyclic deformation.
49) The tensile stress was applied until the strain reached 2.5%, and then the stress was removed. The loadingunloading tensile test was repeated until 500th cycle as shown in Fig. 13 . For the Ti-26Nb alloy, the critical stress for inducing martensitic transformation and superelastic strain decreased, while irrecoverable residual strain increased. Only 1.2% of superelastic strain was obtained at the 500th cycle in the Ti-26Nb alloy. The increase in the residual strain during the cyclic deformation is mainly due to the increase in the residual martensite which is stabilized by plastic deformation. On the other hand, it is clearly seen that stable cyclic deformation behavior was observed in the Ti-23Nb-1N when compared with the Ti-26Nb alloy; superelastic strain was slightly decreased during the cyclic deformation and 2.2% of superelastic strain was obtained even at the 500th cycle. This is due to the increase in the critical stress for slip by the solid solution strengthening effect of N.
Effect of Athermal Omega Phase
As mentioned above, in order to increase the transformation strain the amount of ¢-stabilizing alloying elements should be reduced. However, this leads to increased formation of athermal ½ phase. The athermal ½ phase has received great attentions due to its pronounced effect on mechanical and electrical properties. The athermal ½ phase also affects superelastic properties of ¢-Ti alloys. Figure 14 shows stress-strain curves obtained at various temperatures for Ti-27Nb and Ti-18Nb-3Mo alloys. 46) For the Ti-27Nb alloy, the apparent yield stress indicated by a solid-headed arrow, which is corresponding to the critical stress for inducing martensitic transformation, decreases with decreasing test temperature since the martensite phase becomes more stable as temperature decreases. On the other hand, the Ti18Nb-3Mo alloy exhibits the opposite temperature dependence of the critical stress for inducing martensitic transformation. This is due to a strong tendency of the Ti-18Nb-3Mo alloy to form athermal ½ phase upon cooling. Furthermore, the athermal ½ phase increases the stress hysteresis and deteriorates superelastic properties. It has been reported that Al and Sn are effective in suppressing the formation of ½ phase. 58, 59, 101) Figure 15 shows the effect of Sn addition on the loading-unloading stress-strain curve of the Ti-15Nb-3Mo alloy.
58) It is clearly seen that stress hysteresis decreases with increasing Sn content. The suppression of the athermal ½ phase also leads to an improvement of superelastic recovery strain owing to the reduced stress for martensitic transformation.
Thermomechanical Treatment
A higher critical stress for slip deformation is an important factor for stabilizing and enhancing superelastic properties. It has been generally acknowledged that the following methods are effective in increasing the critical stress for plastic deformation: (1) solid solution hardening, (2) precipitation hardening, (3) work hardening and (4) grain size refinement. As mentioned above, the addition of interstitial alloying elements such as O and N increases the critical stress for slip significantly due to the solution hardening effect. The latter three methods for increasing the critical stress for slip can be achieved by thermo-mechanical treatment. Annealing at a temperature below the recrystallization temperature after severe cold working increases the critical stress for plastic deformation due to work hardening and grain size refinement, resulting in the improvement of superelastic properties. 39, 71) Aging at a temperature between 473 and 673 K is also effective to increase the critical stress for slip and stabilize superelasticity owing to the formation of isothermal ½ phase. 72, 102) 
Alloy Design Strategy
A small transformation strain at compositions showing superelastic behavior is one of the major drawbacks of Ti-Nb binary alloys. Thus the addition of alloying elements is crucial to improve superelastic properties because the crystal structure of martensite phase can be modified by the addition of alloying elements. Alloy composition affects both martensitic transformation temperature and transformation strain; therefore we need to consider the effect of composition on martensitic transformation temperature and crystal structure quantitatively. The effects of alloying element on M s and transformation strain along the [011] direction in TiNb binary and Ti-Nb-X ternary alloys are summarized in Table 1 . Among many alloying elements investigated up to date, Zr is the most effective in increasing the transformation strain. The increase in Zr content in Ti-Nb-Zr alloys exhibits weak effect on the transformation strain while the transformation temperature decreases with increasing Zr content at a similar level as that of Nb. Therefore, the addition of Zr as a substitute of Nb, while keeping the martensitic transformation temperature the same, increases the transformation strain. Furthermore, Zr is considered as a highly biocompatible alloying element.
103) The addition of Mo in replacement of Nb is also effective to increase transformation strain with keeping the transformation temperature similar. However, the decrease in the amount of ¢ stabilizing alloying elements accelerates the formation of the ½ phase. The addition of Sn is effective to suppress the formation of ½ phase and improves the superelastic properties. In conclusion, it is proposed that Ti-Zr-Nb-Sn alloy system is one of the promising materials for practical biomedical superelastic alloys. Very recently, it was reported that a remarkably large recovery strain of around 7%, which is comparable to conventional Ti-Ni base superelastic alloys, is achieved in a Ti-24Zr-10Nb-2Sn alloy as shown in Fig. 16 61) by the combination of beneficial effects of Zr and Sn. The addition of interstitial alloying elements such as O and N has two beneficial effects on the superelastic properties. Firstly, O and N reduce the transformation temperature remarkably, resulting in that the superelasticity can be obtained at lower Nb compositions which lead to a lager transformation strain.
Secondly, O and N increase the critical stress for slip due to the solution hardening effect. As a result, it is suggested that Ti-Zr-Nb(-Sn) base alloys with small amount of interstitial elements can be good candidates for biomedical superelastic alloys.
Concluding Remarks
Over the last decade there have been impressive progresses in understanding the basic characteristics of the martensitic transformation of ¢-Ti alloys and many shape memory alloys have been developed. Recent researches show that the intrinsic problem of small transformation strain and low strength of Ti-Nb base alloys can be overcome by the addition of alloying elements and microstructure control. Through the optimization of composition and thermomechanical treatment, the superelastic properties of ¢-Ti alloys can be further improved. It is confidently expected that ¢-Ti superelastic alloys will further expand the applications of shape memory alloys in biomedical field. 
